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Abstract
Intriguing aspects of the structure of hypernuclei are discussed with the micro-
scopic cluster model. A cluster picture, as well as a mean-field description, is
emphasized to be indispensable in understanding the structure of hypernuclei.
1 Introduction
Hypernuclear physics provides significant insight into many-body hadronic systems through use of the
strangeness degree of freedom as a probe. The subject of research in hypernuclear physics is now ex-
panding from strangeness S = −1 nuclei (Λ and Σ hypernuclei) to S = −2 systems (double-Λ and Ξ
hypernuclei) and to neutron stars where hyperons are expected to play an important role in the core re-
gion. This has resulted from experiments which have exploited a variety of production reactions, utilized
precision coincidence measurements, and re-examined hypernuclear decays to disclose novel elements
of hypernuclear structure [1]. These experiments have been encouraged and supported by a lot of pio-
neering and excellent theoretical works, in particular, done in Japan, before the experiments were carried
out [2]. In present article, the intriguing aspects of the structure of light Λ hypernuclei are illustrated with
the microscopic cluster model. It is emphasized that a cluster picture, as well as a mean-field description,
is indispensable in understanding the structure of light hypernuclei. Cluster correlations, in particular
the α-type (i.e. four-nucleon) correlation, in conventional light nuclei have been established as a primary
feature in nuclear many-body systems [3, 4]. In fact, the microscopic cluster model has succeeded in
describing the structure of p-, sd- and fp-shell nuclei in wide energy region. This is the motivation for
studying the structure of hypernuclei within the microscopic cluster model.1 The cluster picture has been
established by now as a fundamental viewpoint in hypernuclear physics [2].
One of the interesting aspects of Λ hypernuclei is the appearance of many states with new spatial
symmetries which are realized only in hypernuclei, originating from the fact that the Λ hyperon can be
regarded as a distinguishable particle in a normal nucleus. These states are called "genuine hypernuclear
states" (or "super symmetric states" [5]) in contrast to "analogue states" which have their correspondents
in ordinary nuclei. How purely the genuine hypernuclear states are realized depends on the individ-
ual hypernucleus and also on the individual state. The other interesting feature is the stabilization of
hypernuclear system due to a glue-like role of the Λ particle. The sizes or clusterings in nuclear core
parts undergo sizable dynamical changes, which manifest themselves clearly in some observables such
as electromagnetic transitions. In particular, the B(E2) value is sensitive on the size of the nuclear core
part, and the reduction of B(E2) which is predicted in all of the light p-shell Λ hypernuclei [6, 7] is first
confirmed experimentally in 7
Λ
Li [8]. The excited states lying above particle-decay thresholds of nucleus
come down in energy below the corresponding thresholds in hypernucleus. The stabilization effects in
energy produce, for example, "halo" Λ hypernuclear states in some light p-shell hypernuclei.
2 Genuine hypernuclear states and intrinsic structures in light Λ hypernuclei
The nuclear SU(3) classification is convenient to study spatial symmetries in normal nuclei as well as
hypernuclei. For example we consider the spatial symmetries of 9
Λ
Be described by simple shell-model
1The present article is dedicated to the Ikeda day (celebrating Prof. Kiyomi Ikeda’s 75th birthday) in the Varenna conference
(2009). Prof. Ikeda started to study hypernuclear physics at the beginning of 1980s with T. Motoba and late H. Bando¯ et al. In
those days, he was my teacher in my undergraduate and graduate schools. He recognized for the first time the importance of
cluster aspects in hypernuclei and introduced the microscopic cluster models into hypernuclei.
Fig. 1: Illustration of the five types of hypernu-
clear intrinsic structures together with the corre-












































































































Fig. 2: Energy spectra of 9
Λ
Be obtained with the microscopic
α+ α(α∗) + Λ cluster model [9].
configurations. An s-state Λ particle added to 8Be with [s4p4](λµ) = (40) yields the ground band of 9
Λ
Be
with [s5p4](λµ) = (40), and the addition of one p-state Λ particle to 8Be produces two excited bands of
9
Λ
Be, [s4p5](λµ) = (50) and (31). The (λµ) = (40) and (31) symmetries in 9
Λ
Be are just analogue to
8Be and 9Be, respectively, in their simplest representations, while the [s4p5](λµ) = (50) configuration of
9
Λ
Be stands for a new symmetry (called "super-symmetric" by Dalitz and Gal [5]). In other light p-shell
hypernuclei, one can expect genuine hypernuclear symmetries similar to the case of 9
Λ
Be. The present
treatments to use the lowest shell-model configurations are oversimplified for the description of realistic
wave functions. However, the fundamental symmetry can well persist in the clusterized wave functions
of the light p-shell hypernuclei as well as the corresponding normal nuclei, as will be seen later.
Figure 1 illustrates possible five types of intrinsic structures of light p-shell hypernuclear states
based on the cluster-model picture as well as the corresponding shell-model configurations, where we
show only the case of 9
Λ
Be as a typical example. The A-type structure in Fig. 1 has the configuration of
Λ particle occupied in s orbit with respect to the α + α core, corresponding to the shell-configuration
of [s5p4]. Exciting the Λ particle into the p state, we have two intrinsic structures, B-type and C-type,
where the p-state Λ particle occupies the p
‖
- and p⊥-orbitals which are parallel and perpendicular to the
deformation axis of α+α core, respectively. Since the B-type (C-type) intrinsic states correspond to the
counterpart of SU(3)(λµ) = (50) [(31)], they are called "genuine hypernuclear states" with new spatial
symmetry ("9Be-analogue states"). On the other hand, in the case of D-type and E-type, a nucleon hole
is in the α cluster and a valence nucleon is located outside the two nuclear clusters. The counterparts in
shell model are one-hole states of nuclear core coupled with the Λ particle in s orbit (D-type) and p orbit
(E-type). Thus, the D-, and E-type states can be called the "core-excited analog states", in the sense that
they have their correspondents with the spatial symmetry in ordinary nuclei. The five intrinsic structures
in Fig. 1 can appear in other light p-shell hypernuclei.
3 9
Λ
Be: typical light hypernucleus
The energy spectra of 9
Λ
Be with the microscopic α+α(α∗)+Λ cluster model [9] are shown in Fig. 2. Each
energy level is labeled by the angular momentum Lpi instead of the degenerate doublet J = L±1/2 with
respect to Λ-spin up and down. The validity of the labeling comes from the following facts: 1) the spin-
spin part of the ΛN interaction does not work in this system with spin-saturated α + α core, and 2) the
spin-orbit splitting due to the ΛN interaction is estimated to be less than 50 keV. Thus, we can treat that
each level is degenerated for the Λ-spin up and down for simplicity. The energy levels in Fig. 2 can be
classified into the following five groups, (I) ∼ (V), corresponding to the A-type to E-type, respectively,
108
in Fig. 1:
(I) [(α+ α)⊗ sΛ]T=0L ; Kpi = 0+ (Lpi=0+1 − 2+1 − 4+1 ), 8Be-analogue,
(II) [(α + α)⊗ pΛ
‖
]T=0L ; K






), genuine hypernuclear (supersymmetric),
(III) [(α+ α)⊗ pΛ
⊥
]T=0L ; K











(IV) [(α+ α∗)⊗ sΛ]T=0,1L ; 8Be∗-analogue,
(V) [(α+ α∗)⊗ pΛ]T=0,1L .
The positive parity states belonging to the group (I) constitute the ground-state rotational band
with the intrinsic orbital quantum number Kpi = 0+ (Lpi = 0+ − 2+ − 4+), in which the Λ particle
is mainly in s-orbit with respect to the center-of-mass of the α + α system, [8Be(0+, 2+, 4+) ⊗ sΛ].
The energy spectra of this band is quite analogue to that of the ground rotational band of 8Be. In the
shell-model limit the wave functions tend to the [s5p4](λµ) = (40) configuration produced by adding an
s-shell Λ particle to 8Be with [s4p4](λµ) = (40). Thus, the Kpi = 0+ band is called "8Be-analog", the
intrinsic structure of which corresponds to the A-type in Fig. 1.
With the Λ particle mainly in the p-orbit with respect to the α+ α core, the negative-parity states
split into the two bands, Kpi = 0− and 1− with the group-(II) and group-(III) states, respectively. The Λ
particle moves in p-orbit parallel (pΛ
‖
) and perpendicular (pΛ
⊥
) to the α+α symmetric axis, respectively, in
the Kpi = 0− and 1− bands (see the B-type and C-type, respectively, in Fig. 1). In the shell-model limit
the Kpi = 0− and 1− bands correspond to the [s4p5](λµ) = (50) and (31) configurations, respectively.
Since the (λµ) = (50) symmetry does not exit in normal nuclei, the Kpi = 0− band states are called
"genuine hypernuclear" states. On the other hand, the Kpi = 1− band is called "9Be-analogue", because
the ground state of 9Be has an α + α + n cluster structure with (λµ) = (31) symmetry in the shell
model limit. Thus, the band-head state Lpi = 1−
2
is strongly populated by the recoilless Λ hypernuclear
production reaction, 9Be(K− in-flight, π−), where the neutron in target is converted into Λ particle [6,9].
The group-(IV) states appearing at EΛ ≃ 13 MeV in Fig. 2 have the main dominant configuration
that the structure of the core part is quite similar to that of the core-excited states (2+, 1+, 3+, 2−, 1−
with isospin T = 0, 1) of the isolated 8Be system with the Λ particle in s-orbit. Thus, one could call
them the 8Be∗-analog states, whose intrinsic structure is the D-type in Fig. 1. All of these states appear
below the thresholds of their dominant configurations, and the width of 8Be∗ states around Ex ≃ 18
MeV are as small as 100 ∼ 300 keV. Therefore, the states of 9
Λ
Be around EΛ ∼ 13 MeV should be
quasi-stable with narrow widths (100 ∼ 300 keV).
The main configuration of the group-(V) states at EΛ ≃ 20 MeV in Fig. 2 is the core-excited 8Be∗
structure with the Λ particle in p-orbit (see the type-E in Fig. 1). All of the group-(V) states should form
the quasi-bound states because of the followings facts: 1) The Λ-particle escaping threshold energies of
the Λ + 8Be∗(2+, 1+, 3+, 2−) channels are EΛ = 16.8 ∼ 19.4 MeV, and 2) the height of the p-wave
centrifugal barrier for the Λ particle is about 3 MeV. Thus all of the relevant 9
Λ
Be states are located below
the top of the centrifugal barrier. It is remarked that some of the group-(V) states are excited strongly as
the biggest peak observed in the 9Be(K− in-flight, π−) reaction [2, 9].
The excitation spectra or strength functions of hypernuclear production reactions provide novel
information on the structure of light Λ hypernuclei. Experimental and theoretical excitation spectra are
shown in Fig. 3 for the (K− in-flight, π−), (π+, K+) and (K− stopped, π−) reactions on 9Be, where we
use the wave functions of 9
Λ
Be [9] discussed above. The calculated excitation spectra reproduce nicely
the experimental spectra. In particular, the prediction of the 9Be(π+, K+) reaction (see Fig. 3(d)), four-
peak structure at EΛ ≃ 0 MeV and two large peak structures around EΛ ≃ 12 and 20 MeV, is in good
agreement with the experimental data. The Jpi = 1− and 3− states at EΛ ≃ 0 MeV are the genuine
hypernuclear states belonging to the Kpi = 0− band. Recently the 9Be(π+, K+) experiment with high
resolution SKS spectrometer was performed [1]. According to their results, the four-peak structure at
EΛ ≃ 0 MeV were confirmed, and thus the existence of the genuine hypernuclear states were established
experimentally.
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Fig. 3: Experimental and theoretical excitation functions for the (K− in-flight, π−), (π+, K+) and
(K− stopped, π−) on the target 9Be [2, 9].
4 Dynamical change of nuclear core parts due to the glue-like role of Λ particle
The addition of one Λ particle into light p-shell nuclei provides in general about 10 MeV binding energy
for the ground states of the corresponding hypernuclei due to the effect of the attractive ΛN interactions.
This additional binding energy stabilizes the hypernuclear system and induces a dynamical change of
cluster structure in the nuclear core part, i.e. the reduction of clustering or distance between clusters,
"size", in the nuclear core part due to the glue-like role of Λ particle. This dynamical change or the
reduction of the nuclear core deformation is enhanced in particular in the case of the Λ particle occupied







Li) and the corresponding core nuclei (8Be, 7Li, and 6Li) [6]. In 9
Λ
Be, the rms radii




































Fig. 4: Rms radii between the α and x clusters in







Li) obtained by the microscopic α+x+Λ cluster
model [6]. Those of the corresponding core nuclei
(8Be, 7Li, and 6Li) with the microscopicα+x clus-






































































Fig. 5: Reduced E2 transition probabilities B(E2)







the Λ particle mainly in s-orbit, together with those of
the corresponding core nuclei (8Be, 7Li, and 6Li) [6].




Li (see Fig. 4).
Thus, the contraction of nuclear core parts is a common feature in light p-shell hypernuclei.
The contraction of inter-cluster distances should be observed by measuring the reduced E2 tran-
sition probability B(E2). Figure 5 shows the calculated B(E2) values obtained by the microscopic







Li) with the Λ particle dominantly occupied in s-orbit, together with those of the corresponding core
nuclei (8Be, 7Li, and 6Li) by the microscopic α + x cluster model. The reduction of B(E2) in 9
Λ
Be
is quite drastic, being even less than half in comparison with those in 8Be: B(E2; 5/2+ → 1/2+) =
B(E2; 3/2+ → 1/2+) = 11.3 e2fm4 in 9
Λ
Be vs. B(E2; 2+ → 0+) = 22.4 e2fm4 in 8Be. It is noted
that the contribution to the B(E2) values in 9
Λ
Be comes mainly from the α + α part, amounting to as
large as over 90 %. Thus, one can understand that the contraction of the nuclear core part is the origin
of the reduction of the physical quantities. In spite of this contraction, the predicted B(E2) values in
Fig. 5 remain several times larger than those in the shell-model limit ones, indicating the importance of
clustering. In fact, the present B(E2) values in 9
Λ
Be are about 6 times larger than our shell-model limit






Li (see Fig. 5).
The first observation of the hypernuclear B(E2) value was recently performed at KEK for B(E2;
5/2− → 3/2−) in 7
Λ
Li [8]. The experimental data confirmed the predicted reduction of the B(E2)
value [6]. A more precise calculation with the α + Λ + p + n cluster model [2, 10] showed that the
B(E2;5/2− → 3/2−) value in 7
Λ
Li is remarkably reduced in comparison with B(E2;3+ → 1+) of the
corresponding transition in the core nucleus 6Li. This is due to the nuclear size contraction by the glue-
like role of the Λ particle, and the shrinkage is found to occur along the distance between the (np) pair
and the α core (reduced by about 20%) with the n− p internal motion unchanged.
5 Halo structure in 6
Λ
He
The halo structure in 6
Λ
He was explored with the α+Λ+N model [11]. The observed Λ binding energy of
the ground state (1−) is well reproduced, as shown in Fig. 6. Since the ground state is bound only by 0.17
MeV with respect to the 5
Λ
He + n threshold, the binding energy of the valence neutron in 6
Λ
He is weak
enough to show a halo structure. Figure 7 shows the monopole density of the valence neutron and the Λ
particle, ρn(r) and ρΛ(r), respectively, as a function of the relative distance from the α particle together
with the density of single nucleon in the α core. For the sake of comparison, we also insert the density































































Fig. 6: Energy spectra of 6
Λ
He obtained with the mi-
croscopic α + n + Λ cluster model, respectively, to-
gether with those of 5He with the microscopic α + n





















Fig. 7: Density distribution of the valence neutron in
the ground state of 6
Λ
He, together with those of the Λ
particle and a single nucleon in the α core, where r is





























Fig. 8: Calculated energy spectra of 13
Λ
C with the mi-
croscopic 3α + Λ cluster model [7]. Each level is
degenerate with respect of the spin of Λ particle.




































states of 12C and (b) the respective Λ − 12C
folding potentials [7].
We find a clear halo of the valence neutron density ρn(r) in 6ΛHe at the tail region. The extension of
the neutron density in 6
Λ
He, namely a neutron halo, is more evident than that in 6He. The rms distance
between the valence neutron and α cluster in 6
Λ
He is 5.22 fm larger than that in 6He nucleus (4.5 fm)
which is a typical neutron halo nucleus. The density of the Λ particle is shorter-ranged than that of the
valence neutron, but is extended significantly away from the α core. We call it Λ skin. Thus, we can say
that there are three layers of the matter distribution in the hypernucleus 6
Λ
He, namely, the α core, a Λ
















) with a shell-model-like nature [4]. The 0+
2
state at Ex = 7.65 MeV, called "Hoyle
state", has a loosely bound three α-cluster structure, for which a shell-model type of calculation would
have great difficulties in reproducing its properties. In fact, the microscopic 3α cluster model succeeded
in reproducing the Hoyle state, including the ground-band states and negative-parity states. Figure 9




states of 12C calculated by the microscopic 3α





other hand, the negative-parity states, 3− and 1−, are known to have intermediate characters between the
shell-model compact structure and the loosely bound 3α structure. Therefore, it is interesting to study
in 13
Λ
C what kinds of structures appear in addition of a Λ particle in 12C with the three different types of
structures.
Figure 8 shows the calculated energy spectra of 13
Λ
C with the microscopic 3α+Λ cluster model [7],
where each level assigned as Lpi is degenerate in energy with the spin of the Λ particle. In this study,
the spin of the Λ particle is neglected, because the experimental spin-orbit splitting of the pΛ shell is
estimated to be as small as 0.15 ∼ 0.20 MeV. The calculated states are classified into the following six
groups, (A)∼(F), in Fig. 8 according to the underlying dominant configurations.






, construct the ground band, Kpi = 0+
1
, and the component
of the dominant configuration [12C(L+
1
) ⊗ sΛ] is as large as 98%. The contraction of the nuclear core
size due to the Λ addition in this Kpi = 0+
1





) vs. 2.42 fm for 12C(0+
1
). This is due to the fact that the ground-band state of 12C has a
shell-model-like compact structure with dominant oscillator quanta Q = 8, and thus there is no room
enough to reduce the size of the 3α part. The calculated B(E2) values of the 13
Λ
C ground band are almost
similar to those of the 12C one. This result is in contrast to the case of the 9
Λ
Be ground band.
The group-(B) states have the main configuration of [12C(L+
2





) states are characterized by the loosely coupled 3α cluster structure or dilute 3α gas-like
structure. The addition of the Λ particle to the nuclear core states leads to a considerable contraction of
the nuclear core size by about 10%, for example, in the 0+
2
state, 3.48 fm in 13
Λ
C vs. 3.83 fm in 12C. Thus,
the contraction of the nuclear core size due to the Λ participation is drastic in the group-(B) states. This




) value to even half
in comparison with that in 12C. This result is quite in contrast to the very small reduction of the B(E2)




states have the dominant
configurations of [12C(3−
1
) ⊗ sΛ] and [12C(1−
1
) ⊗ sΛ], respectively. Exciting the Λ particle mainly in
p-orbit, we obtain the group-(E) and -(F) states, which form the Kpi = 1− and 0− bands, respectively. In
the SU(3) shell-model limit they correspond to the (λµ) = (14)K=1L=1,2,3,4,5 and (03)K=0L=1,3, respectively,
produced by the 12C(λµ) = (04) states coupled with a p-state Λ particle.




C(Lpi) state with the dominant configuration of
[12C(ℓpi) ⊗ sΛ] as B′
Λ
(Lpi) = 11.70 MeV + Ex[
12C(ℓpi)] − Ex[13ΛC(Lpi)], which corresponds to the
binding energy of Λ particle measured from the 12C(ℓpi)+Λ threshold (11.70 MeV is the binding energy
of Λ particle in the ground state of 13
Λ
C). The value of B′
Λ
in the ground state is as large as 12 MeV, while
that in the Lpi = 0+
2
state is only 6 MeV, thus making the excitation energy of Lpi = 0+
2
about twice
as high as the corresponding one in 12C (7.65 MeV). This fact originates from the drastic difference
between the folding potentials of Λ − 12C(0+
1
) and Λ − 12C(0+
2
), reflecting the remarkable difference




), as shown in Fig. 9.
Recently a full four-body 3α + Λ calculation with huge model spaces was performed [12]. Ac-
cording to the results, the group-(B), -(C), and -(D) states in Fig. 8 are more stabilized in energy (by








C is changed differently from those in



































Fig. 10: Calculated energy levels of 7
Λ
Li
on the basis ofα+Λ+n+pmodel. The en-
ergies are measured from the α+Λ+n+p
threshold. The observed energy splittings
of 3/2+-1/2+ and 7/2+-5/2+ are 0.69
MeV and 0.47 MeV, respectively.
7 ΛN spin-dependent interactions vs. hypernuclear structure
The experimental information on the Y N scattering are limited to only about 35 data with mostly low
energies, compared with the thousands scattering data for NN . Thus, it is important 1) to get useful
information on Y N and Y Y interactions, in particular, their spin-dependent terms, from hypernuclear
structure studies for existing light p-shell hypernuclei as well as s-shell ones, and 2) to feed back to the
theoretical Y N and Y Y potentials such as the Nijmegen NSC97 models. Precise calculations with the




Be (α+α+Λ) and 13
Λ
C (3α+Λ) [2],
for which the complete set of spin-doublet energy levels are available from high precision γ-ray data [1].
The calculated energy levels of 7
Λ
Li are shown in Fig. 10, where the spin-dependent terms of the effective
ΛN interactions based on NSC97f are readjusted to reproduce the energy splitting between 5/2+ and
3/2+ (43 ± 5 keV) in 9
Λ
Be. One sees clearly different contributions from the ΛN even-state (odd-state)
central force as well as the ΛN symmetric LS (SLS) and antisymmetric LS (ALS) forces.
8 Summary
Interesting aspects of the structure of hypernuclei have been demonstrated with the microscopic cluster
model. More detailed discussions including Σ hypernuclei and S = −2 nuclei are given in Ref. [2].
Finally I wish Ikeda-san and his wife more and more health and long life.
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